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Regional pattern of white matter

microstructural changes in normal aging,

MCI, and AD

A,

ABSTRACT

Objective: To cross-sectionally compare the regional white matter fractional anisotropy (FA) of
cognitively normal (CN) older individuals and patients with mild cognitive impairment (MCI) and
Alzheimer disease (AD), separately focusing on the normal-appearing white matter (NAWM) and
white matter hyperintensities (WMH), and to test the independent effects of presumed degenera-
tive and vascular process on FA differences.

Methods: Forty-seven patients with AD, 73 patients with MCI, and 95 CN subjects received
diffusion tensor imaging and vascular risk evaluation. To properly control normal regional variabil-
ity of FA, we divided cerebral white matter into 4 strata as measured from a series of young
healthy individuals (H1 = highest; H2 = intermediate high; H3 = intermediate low; H4 = lowest
anisotropy stratum).

Results: For overall cerebral white matter, patients with AD had significantly lower FA than CN
individuals or patients with MClI in the regions with higher baseline anisotropy (H1, H2, and H3),
corresponding to long corticocortical association fibers, but not in H4, which mostly includes
heterogeneously oriented fibers. Vascular risk showed significant independent effects on FA in all
strata except H1, which corresponds to the genu and splenium of the corpus callosum. Similar
results were found within NAWM. FA in WMH was significantly lower than NAWM across all strata
but was not associated with diagnosis or vascular risk.

Conclusions: Both vascular and Alzheimer disease degenerative process contribute to micro-
structural injury of cerebral white matter across the spectrum of cognitive ability and have differ-
ent region-specific injury patterns. Neurology® 2009;73:1722-1728

GLOSSARY

AD = Alzheimer disease; ANCOVA = analysis of covariance; ANOVA = analysis of variance; CC = corpus callosum; CN = cogni-
tively normal; DTI = diffusion tensor imaging; FA = fractional anisotropy; MCI = mild cognitive impairment; MDT = minimal defor-
mation template; MMSE = Mini-Mental State Examination; NAWM = normal-appearing white matter; ROl = region of interest;
SLF = superior longitudinal fasciculus; UCD = University of California, Davis; WMH = white matter hyperintensities.

Fractional anisotropy (FA), a quantitative measure derived from diffusion tensor imaging
(DTI), sensitively reflects the microstructural integrity of white matter fibers." Decrease in FA
of cerebral white matter is known to occur with mild cognitive impairment (MCI) and Alzhei-
mer disease (AD),? as well as cognitively normal aging® and cerebrovascular vascular disease.*

Little is known, however, about the FA changes within white matter hyperintensities (WMH)
occurring in patients with AD or MCI, even though WMH are commonly associated with MCI>¢
and AD.>” Most previous DTI studies®! of patients with AD and MCI typically compared their
white matter with that of cognitively normal (CN) older individuals, without proper consideration
of WMH, or focused solely on normal-appearing white matter (NAWM).

Moreover, the separate and independent contributions of vascular and degenerative processes on
FA alteration are not clear in older individuals, including patients with AD or MCI. Wallerian
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degeneration secondary to neuronal loss has
been suggested as a causal factor for FA
change in certain white matter tracts in AD
and MCI.>"3 Evidence from epidemiologic,
neuroimaging, pathologic, and clinical
studies, however, indicates a significant
contribution of vascular process to the clin-
ical syndrome of AD.>"

In this study, we first cross-sectionally
compared the regional FA in the cerebral
white matter of patients with MCI and AD
versus CN individuals, separately focusing on
the whole white matter, NAWM, and WMH.
Second, we investigated the independent etio-
logic contribution of vascular risk, as well as
degenerative process, to the regional FA
changes in CN older individuals and those
with MCI and AD.

METHODS Forty-seven patients with AD, 73 patients with
MCI, and 95 CN subjects received vascular risk evaluation and
MRI with DTT sequence. The diagnosis of AD was made ac-
cording to the National Institute of Neurological and Commu-
nication Disorders and Stroke/Alzheimer’s Disease and Related
Disorders Association criteria.’* MCI was diagnosed according
to current consensus criteria.'” Subjects were recruited from the
Alzheimer’s Disease Center at the University of California, Davis
(UCD) from January 2002 to November 2007. The UCD insti-
tutional review board approved this study, and subjects or their
legal representatives gave written informed consent.

The presence or absence of stroke, diabetes, hyperlipidemia,
TIA, hypertension, and coronary artery disease was systemati-
cally assessed to create a composite score for vascular risks that
was the sum of the factors present, ranging from 0 to 6'® and

reported as a percentage.

Table 1

No. (F/M)
Age,y
Education, y
MMSE

Vascular risk
score, %

Brain volume, %
TCV

WMH volume, %
TCVS

HC volume, % TCV

Subject characteristics

CN MCI AD p Value
95 (28/67) 73(35/38) 47(17/30) -

727 +71 736+75 772+72 <0.01*
11950 119+6.2 10851 NS

29.7 +10.5 272 +129 21.2+129 <0.001*
21.5+20.7 25.7+129 23.5+20.0 NS
80.2+4.4 783 =48 754 =47 <0.001™
-1.03+1.00 -067=x117 -0.43=1.03 0.005*
0.34 +0.05 0.29 = 0.05 0.27 = 0.06 <0.001"#

Data are presented as mean = SD. MRI volume measures are corrected for head size (%
total cranial volume [TCV]). Group comparisons are by analysis of variance.

Post hoc comparisons of significant group differences: *‘cognitively normal (CN) vs Alzhei-
mer disease (AD), 'mild cognitive impairment (MCI) vs AD, *CN vs MCI.

8Log transformed to normalize variance.

MMSE = Mini-Mental State Examination; WMH = white matter hyperintensities; HC =

hippocampus.

FA was calculated at each DTI image, and segmentation of
WMH was performed by a semiautomated procedure previously
described.” All MRI modalities including FA and WMH map
were coregistered to a minimal deformation template (MDT)?
to use group statistical methods for FA values over common
regions of interest (ROIs).

Regional white matter FA values are highly variable even in
normal healthy brain, depending on the baseline structure of the
region, i.e., the innate homogeneity of fiber orientation within
the region.?! Therefore, to properly detect FA alteration by
pathologic processes beyond normal regional variability, we ap-
plied a baseline anisotropy level-based approach in which the
whole cerebral white matter on the MDT was divided into 4
strata (H1: FA =0.600; H2: FA = 0.500~0.599; H3: FA =
0.400~0.499, and H4: FA = 0.300~0.399) according to the
FA values of the average normal young adult brain (figure e-1 on
the Neum/ogy® Web site at www.neurology.org). A traditional
anatomic region—based approach was also used.

The details of the study methods, including subject recruit-
ment and evaluation, image acquisition and processing, and sta-

tistical analysis, are described in appendix e-1.

RESULTS Subject characteristics. Demographic,
clinical, and MRI volume description of all the sub-

jects are summarized in table 1.

Whole cerebral white matter FA. Before regional analy-
ses, we first examined the relationship of FA with age,
gender, ethnicity, vascular risk, and diagnostic group for
the whole cerebral white matter. The full multiple re-
gression models for predicting FA of overall white mat-
ter and NAWM were highly significant (B> = 0.16,
2 < 0.001 for overall white matter; R = 0.18, p <
0.001 for NAWM,; figure e-2). The same variables were
significantly associated with both overall white matter
FA and FA in NAWM and included age, gender, and
vascular risk. Multivariate analysis for WMH FA re-
sulted neither in a significant full model nor in any sig-
nificant associations with the individual independent
variables (figure e-2). Importantly, mean FA values
within NAWM were significantly higher than FA val-
ues within WMH for the same individuals.

Lobar white matter and CC FA. Because mean FA
values of cerebral white matter were correlated with
age among the CN subjects (» = —0.37, p < 0.001),
as suggested from previous studies,® we controlled
age as a covariate for all the following analyses for FA.

There were no significant group differences of
mean FA in any of 4 lobar overall white matters.
There was also no group difference of FA in the body
of the corpus callosum (CC). In contrast, group dif-
ferences in FA values were found in the genu and
splenium of the CC (F = 4.75, p = 0.001 for the
genu; F = 4.01, p = 0.002 for the splenium). Post
hoc analyses showed that patients with AD had sig-
nificantly lower FA in both the genu and splenium
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Figure
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Graphic displays of mean regional fractional anisotropy according to diagnostic group
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(A) Normal-appearing white matter (NAWM) and (B) white matter hyperintensities (WMH) of subregions of the corpus callosum, and (C) NAWM and (D) WMH
of baseline anisotropy level-based strata. Brown columns = cognitively normal older individuals; gray columns = patients with mild cognitive impairment;
green columns = patients with Alzheimer disease. FA = fractional anisotropy; H1 = highest anisotropy stratum; H2 = high intermediate anisotropy
stratum; H3 = low intermediate anisotropy stratum; H4 = lowest anisotropy stratum. Error bars indicates SDs. *p < 0.05, *p < 0.01 by Tukey post hoc
diagnostic group comparison. *p < 0.001 by paired t test for the difference between WMH and NAWM.
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than CN individuals. Patients with AD also showed
lower FA in the genu, but not in the splenium, than
patients with MCL

As for NAWM, group differences were also found
only for FA of the genu and splenium of the CC
(F =5.02, p = 0.007 for the genu; F = 3.82, p =
0.024 for the splenium; figure, A), but not for any
lobar regions and the body of the CC. There were no
significant diagnostic group differences of FA in
WMH for any lobar or CC regions (figure, B).

Baseline anisotropy level-based white matter stratum
FA. Stratal overall white matter FA. Diagnostic group differ-
ences. As shown in table 2, there were significant diag-
nostic group differences for H1, H2, and H3
stratum, but not for H4 stratum. Post hoc analyses
showed that patients with AD had significantly lower
FA than CN subjects in H1, H2, and H3 stracum.
The AD group also showed lower FA compared with
the MCI group in H1 and H2 stratum.

Neurology 73 November 24, 2009

Independent effect of diagnosis, vascular risk, and age. Table 3
shows analysis of covariance (ANCOVA) results for
independent effect of diagnostic category, vascular
risk, and age on the mean FA of each anisotropy
stratum, and the genu and splenium of the CC. Sig-
nificant diagnosis effects were found for the FA of
H1, H2, and H3 stratum, but not for that of H4. In
contrast, vascular risk showed significant effects on
the FA of H2, H3, and H4 stratum, but not on that
of H1 stratum. Age effects were also highly signifi-
cant for H2, H3, and H4 stratum, but marginal for
HI. The independent effect pattern of diagnosis, vas-
cular risk, and age in the genu and splenium was
similar to that in HI stratum, i.e., strong diagnosis
effect, no vascular effect, and weak or marginal age
effect. All significant effects of diagnosis, vascular
risk, and age on FA had a negative direction.

Interaction between stratum, diagnosis, and vascular risk. To

test the interactions between stratum and diagnosis

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



Table 2

Group comparisons of mean FA for 4 anisotropy level-stratified white matter regions

WM region WM strata CN MCI AD F p Value

Overall WM H1 WM FA 0.619 + 0.061 0.606 + 0.058 0.557 + 0.089 7.45 0.001*
H2 WM FA 0.479 + 0.042 0.471 +0.041 0.449 + 0.051 4.39 0.014*
H3 WM FA 0.386 + 0.032 0.378 = 0.036 0.365 + 0.038 317 0.044*
H4 WM FA 0.308 = 0.023 0.304 + 0.029 0.297 = 0.031 1.10 0.334

NAWM H1 WM FA 0.620 + 0.061 0.610 + 0.056 0.568 + 0.088 7.47 0.001*
H2 WM FA 0.481 + 0.041 0.476 = 0.037 0.452 + 0.050 4.65 0.011*
H3 WM FA 0.388 + 0.031 0.381 + 0.032 0.366 + 0.037 3.44 0.034*
H4 WM FA 0.309 + 0.022 0.305 + 0.028 0.298 + 0.031 111 0.333

Data are presented as mean = SD. Group comparisons are by analysis of covariance controlling for age as a covariate.
Post hoc comparison of significant group differences: *cognitively normal (CN) vs Alzheimer disease (AD), *mild cognitive

impairment (MCI) vs AD.

FA = fractional anisotropy; WM = white matter; H1 = highest anisotropy stratum; H2 = high intermediate anisotropy
stratum; H3 = low intermediate anisotropy stratum; H4 = lowest anisotropy stratum; NAWM = normal-appearing white

matter.

or vascular risk, repeated-measures analysis of vari-
ance (ANOVA) with the mean FA values of 4 anisot-
ropy strata as the repeated measures was performed
controlling for age. When only 2-way interactions
were considered in a model, there was a main effect
of stratum (F = 49.12, p < 0.001), a stratum-by-
diagnosis interaction (F = 3.68, p = 0.001), and a
stratum-by-age interaction (F = 9.21, p < 0.001),
but not a stratum-by-vascular risk interaction. In a
model with a 3-way interaction between stratum, diag-
nosis, and vascular risk, as well as all the possible 2-way
interaction, there was a main effect of stratum (F =
49.59, p < 0.001), a stratum-by-age interaction (F =
10.20, p < 0.001), and the 3-way interaction
(F =2.13, p = 0.049), but not a stratum-by-diagnosis
interaction or a stratum-by-vascular risk interaction.

Stratal NAWM FA. The same analyses were per-
formed for stratal NAWM and WMH areas. The
analysis results for strata NAWM were similar to
those for strata overall white matter.

Diagnostic group differences. There were significant di-
agnostic group differences for H1, H2, and H3 stra-
tum, but not for H4 stratum. Post hoc analyses
showed that patients with AD had significantly lower
FA than CN subjects in H1, H2, and H3 stratum.
The AD group also showed lower FA compared with
the MCI group in H1 and H2 stratum (table 2 and
figure, C).

Independent effect of diagnosis, vascular risk, and age.
ANCOVA was performed to evaluate the indepen-
dent effect of diagnostic category, vascular risk, and
age on the mean FA of each anisotropy stratum, and
the genu and splenium of the CC. As shown in table
3, significant diagnosis effects were found for the FA
of H1, H2, and H3 stratum, but not for that of H4.
In contrast, vascular risk showed significant effects
on the FA of H2, H3, and H4 stratum, but not on

that of H1 stratum. Age effects were also highly sig-
nificant for H2, H3, and H4 stratum, but marginal
for H1. The independent effect pattern of diagnosis,
vascular risk, and age in the genu and splenium was
similar to that in HI stratum, i.e., strong diagnosis
effect, no vascular effect, and marginal or no age ef-
fect. All significant effects of diagnosis, vascular risk,
and age on FA had a negative direction.

Interaction between stratum, diagnosis, and vascular risk.
When only 2-way interactions were considered in a
repeated-measures ANOVA, there was a main effect
of stratum (F = 47.69, p < 0.001), a stratum-by-
diagnosis interaction (F = 4.16, p < 0.001), and a
stratum-by-age interaction (F = 7.01, p < 0.001),
but not a stratum-by-vascular risk interaction. In a
model with a 3-way interaction between stratum, di-
agnosis, and vascular risk, as well as all the possible
2-way interaction, there was a main effect of stratum
(F = 48.78, p < 0.001), a stratum-by-age interaction
(F = 8.13, p < 0.001) and the 3-way interaction (F =
2.50, p = 0.022), but not a stratum-by-diagnosis or a
stratum-by-vascular risk interaction.

Stratal WMH FA. Significant group differences of
any stratal WMH FA were not found (figure, D).
There was also no significant independent diagnosis,
vascular risk, or their interaction effect for any stratal
WMH FA.

Difference of FA between stratal NAWM and WMH. In
both the CN and MCI groups, the mean FA of
WMH was significantly lower than that of NAWM
for every anisotropy level-based stratum (figure, C
and D). In the case of AD, FA of WMH was signifi-
cantly lower than that of NAWM for H1, H2, and
H3, but not for H4 (figure, C and D).

Stratal white matter FA vs global cognition. There was
a correlation between the FA of overall white matter
or NAWM in H1 and H2 stratum and Mini-Mental

Neurology 73  November 24, 2009 1725
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Table 3

Independent effect of age, vascular risk, and diagnosis on regional

white matter mean FA

WM region Variable

Overall WM  Diagnosis

F

p Value
Vascular risk

F

p Value
Age

F

p Value
NAWM Diagnosis

F

p Value
Vascular risk

F

p Value
Age

F

p Value

H1IWM H2WM H3 WM H4 WM CG Ccs
7.41 4.38 3.07 0.943 4.86 3.91
0.001 0.014 0.049 0.391 0.009 0.022
3.15 5.75 5.06 4.78 0.51 1.16
0.078 0.017 0.026 0.030 0.477 0.283
3.89 14.56 23.16 20.57 4.38 3.42
0.050 <0.001 <0.001 <0.001 0.038 0.066
7.46 4.80 3.47 1.010 5.16 3.75
0.001 0.009 0.033 0.366 0.007 0.025
3.25 6.93 591 5.19 0.50 2.55
0.073 0.009 0.016 0.024 0.480 0.112
3.36 11.46 19.86 18.98 3.00 2.55
0.068 0.001 <0.001 <0.001 0.087 0.112

Data are F and p values by analysis of covariance including diagnosis as a factor and age
and vascular risk as covariates.

FA = fractional anisotropy; WM = white matter; H1 = highest anisotropy stratum; H2 =
high intermediate anisotropy stratum; H3 = low intermediate anisotropy stratum; H4 =
lowest anisotropy stratum; CG = genu of the corpus callosum; CS = splenium of the corpus
callosum; NAWM = normal-appearing white matter.
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State Examination (MMSE) after controlling for age
and education (overall white matter: partial correla-
tion coefficient (r,) = 0.161, p = 0.036 for H1 and
r, = 0.160, p = 0.036 for H2; NAWM: r, = 0.156,
» = 0.042 and = 0.160, p = 0.037), but not for
H3 and H4 stratum. No significant correlation was
found between the FA of any stratal WMH and
MMSE.

DISCUSSION Our stratified anisotropy level-based
approach showed that significant differences in the
mean FA values between CN and AD exists in white
matter regions with relatively higher baseline anisot-
ropy (H1-H3), but not in the region with the lowest
anisotropy (H4). Furthermore, the effect of diagnosis
was greatest for the region with the highest baseline
anisotropy (H1), suggesting that the most highly or-
ganized fibers are affected by the degenerative pro-
cess. Conversely, the impact of vascular risk factors
was greatest on for the less organized strata (H2-
H4). These results suggest regional differences in the
effect of these 2 processes on cerebral white matter
similar to that previously described for WMH.*
Previous DTT studies of AD have reported re-
duced FA in white matter tracts with homogeneously
oriented fibers, i.e., white matter tracts with high an-

Neurology 73 November 24, 2009

isotropy, such as the genu or splenium of the CC,>*
superior longitudinal fasciculus (SLF),” and cin-
gulum.'"!® Because we excluded the internal capsule
defining the sets of ROI masks, the highest anisot-
ropy region (H1) consisted almost entirely of the
genu and splenium of the CC, which represent the
interhemispheric corticocortical association tracts, as
illustrated in figure e-1. A considerable proportion of
the intermediate anisotropy regions (H2, H3) corre-
spond to the body of the CC and the homogeneously
oriented part of intrahemispheric long corticocortical
association fibers, such as the SLF and cingulum. In
contrast, the lowest anisotropy stratum (H4) covers
mostly the corona radiata, where many heteroge-
neously oriented fibers occur. Although the corona
radiate encompasses diffusely fanning portion of the
CC and short association fibers (U fibers), the main
part of the corona radiata consists of projection
fibers, such as thalamic radiations (the corticotha-
lamic and thalamocortical fibers) and long corti-
cofugal fibers (the corticopontine, corticoreticular,
corticobulbar, and corticospinal tracts).??
Interthemispheric and intrahemispheric cortico-
cortical association fibers originate primarily from
large pyramidal neurons in layers III and V of the
neocortex.?*?4 These neurons are known to be selec-
tively affected by AD pathology, especially neurofi-
brillary tangles.?>?” In contrast, corticothalamic
fibers originate from pyramidal cells in layer V1,224
where AD pathologies are less commonly found.”
Although corticofugal fibers originate from pyrami-
dal neurons in layer V,?3?4 the corresponding neocor-
tical areas are rarely involved by AD pathology.”>%
The topographically specific neocortical AD involve-
ment and secondary wallerian degeneration, there-
fore, may explain the associations between baseline
anisotropy level and diagnostic group differences.
Although previous studies found FA changes in
the frontal,® parietal,*!° and temporal”!® white mat-
ter, we did not find differences in lobar FA among
the diagnostic groups. This discrepancy seems to be
related to the size and location of ROIs.2® As indi-
cated above, if a small ROl is put primarily on a high
baseline anisotropy region, FA differences due to the
AD process are likely to be detected, whereas if an
ROI encompasses a large low baseline anisotropy re-
gion, such FA differences would be less obvious. Our
ROIs covered the entire white matter. Although both
high and low anisotropy regions are included in the
ROIs, the volume of the lowest anisotropy stratum
(H4) covered around 50% of the cerebral white mat-
ter, with other strata covering less (i.e., H1: 5.5%;
H2: 13.3%; H3: 32.3%; and H4: 48.9%). This may
explain why we could not find any significant lobar
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and entire white matter differences of FA between
diagnostic groups.

Our results revealed that, independently of diagnosis
and aging effect, vascular risk significandy affects FA
differences of not only overall white matter, but also
NAWM. In addition, the white matter regions affected
by vascular risk on FA were quite different from those
affected by diagnosis. In contrast to the effect of clinical
diagnosis, vascular risk factors were significantly associ-
ated with FA among lesser organized strata (e.g., H2,
H3, H4), but not H1. Among the strata showing signif-
icant vascular effect, there was no increasing trend of
effect size according to baseline anisotropy level of the
strata. This distinctive difference between H1 and other
strata is probably associated with anatomy of the vascu-
lar supply. The vascular supply to the central zone of the
CC (most of H1 and a small part of H2), via short
penetrating arterioles, is similar to that of the cerebral
cortex, whereas the vascular supply to the extreme lat-
eral CC and centrum semiovale (most of H2, H3, and
H4) is substantially carried by long end arteries.'>* The
CC is known to be relatively resistant to lacunar infarct,
hypoperfusion, and Binswanger disease.?? Our finding
of evident vascular influence on NAWM FA decline is
also in line with observations of ischemic brain
disease. 28

In contrast to the results for overall white matter
and NAWM, no significant effects of diagnosis and
vascular risk on FA were found in most WMH re-
gions regardless of baseline regional anisotropy.
When considered together with the significantly re-
duced FA of WMH, these findings indicate the pos-
sibility that microstructural changes within WMH,
such as demyelization and axonal loss, by degenera-
tive, vascular, or aging processes are the extreme con-
sequence of white matter injury diffusely affecting
cerebral white matter. The results of correlation anal-
ysis between FA and a global cognitive measure,
MMSE, also support this possibility. MMSE scores
were not correlated with FA values of any WMH
region, whereas significant correlation was found
with FA of NAWM region with higher baseline an-
isotropy. However, this notion of a floor effect of FA
inside WMH contrasts with the existing knowledge
for WMH, which gradually increases in volume and
extent with aging, vascular risk, and degenerative
processes.””*° This also suggests that FA is not an
appropriate parameter for monitoring the stage of
more severe white matter injury when WMH are
manifest, whereas it is a very sensitive tool for detect-
ing and monitoring the early stage of alteration.

Although the baseline anisotropy—level based ap-
proach gives relatively limited information for a specific
white matter location, this approach allowed us to test
regional patterns of FA alterations by different

pathologic processes while controlling for normal
regional variability of FA.2! Moreover, in contrast
with voxel-based approaches, this approach makes
it possible to investigate WMH and NAWM FA
separately.
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Resident & Fellow Section: Call for Teaching Videos

The Neurology® Resident section is featured online at www.neurology.org. The Editorial Team of
this section is seeking teaching videos that will illustrate classic or uncommon findings on move-
ment disorders. Such videos will aid in the recognition of such disorders. Instructions for formatting
videos can be found in the Information for Authors at www.neurology.org.
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